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I. INTRODUCTION
CuInSe 2 is a semiconductor compound with chalcopyrite structure which attracts great interest due to its successful application in the absorber layer of thin film solar cells. Efficiencies exceeding 21% have been demonstrated for laboratory size cells with Cu(In,Ga)Se 2 absorber layers, which is currently the world record conversion efficiency for thin film photovoltaic (PV) devices. 1 A specific advantage of CuInSe 2 -based PV devices is their exceptionally high tolerance to radiation. Measurements of the principal solar cell parameters after irradiation demonstrate almost total insensitivity of the conversion efficiency to high-energy electrons up to doses of 10 16 cm
À2
. 2, 3 Investigations of Cu(In,Ga)Se 2 -based solar cells irradiated with higher doses of MeV electrons confirmed a considerable stability of their performance. The conversion efficiency dropped by less than 10% after a dose of 10 17 cm
. 4, 5 Theoretical studies suggest that the origin of this stability is the high mobility of copper atoms combined with the low formation energies of the defect complexes (2V Cu -In Cu ). 6 However, experimental evidence about these effects would be highly beneficial in order to provide further knowledge about the material properties. Furthermore, the radiation hardness is linked with the general understanding of intrinsic defects in CuInSe 2 which is important for further advances in the solar cell performance. High-energy electrons are convenient particles to generate structural defects in semiconductors as they create spatially uniform populations of defects which can then be studied to clarify the nature of intrinsic defects in complicated materials such as Cu(In,Ga)Se 2 .
7 Photoluminescence (PL) is an important method for the study of defects in semiconductors. 8, 9 Reports on the effects of high energy electron irradiation on PL spectra of Cu(In,Ga)Se 2 can be found in the literature. [10] [11] [12] However, such reports provide limited information on the physical nature of the defects generated by radiation or on the mechanisms of the extraordinary radiation hardness of CuInSe 2 . The main reason for this is the high level of doping of the materials used for such studies, which were thin polycrystalline films with [Cu]/[InþGa] ratios smaller that unity. At such elemental compositions, the high concentrations of charged defects lead to formation of band-tails and the presence of potential fluctuations dramatically reduces the information which can be gained from PL. The spectra are dominated by a broad and asymmetric band associated with band-to-tail transitions. [13] [14] [15] Optical spectroscopy studies on semiconductors with low defect concentrations showing excitonic features in their spectra can provide significantly more information. 8, 16 However, there are relatively few reports revealing resolved excitonic features in the PL spectra from CuInSe 2 because of the challenges facing the growth of high-quality material. [17] [18] [19] [20] This paper presents a study of the effects of 6 MeV electron radiation on high purity CuInSe 2 single crystals with a number of sharp excitonic features in the PL spectra. These features are used as sensitive indicators to monitor changes in the structural quality and defect balance of the material due to electron irradiation. 
II. EXPERIMENTAL DETAILS
High-quality CuInSe 2 single crystals were grown by the vertical Bridgman method from a near stoichiometric melt of high purity Cu, In, and Se. 21 Samples were cut from the middle part of the ingot. The elemental composition was measured using energy dispersive x-ray (EDX) analysis (Cu:25.2; In:24.7; Se:50.1 at. %) and found to be near-stoichiometric with a copper to indium ratio [Cu]/[In] of 1.02. Freshly cleaved surfaces of the as-grown samples were precharacterised using PL at 4.2 K in an optical closed-cycle helium cryostat. The 514 nm line of a 300 mW Ar þ laser was used for excitation. The PL signal was focused on the entrance slits of a 1 m single grating monochromator and the intensity measured by a thermoelectrically cooled InGaAs Hamamatsu photomultiplier tube (H9170-75) sensitive in the spectral ranges from 0.95 to 1.7 lm.
The pre-characterised samples were then irradiated with 6 MeV electrons at doses from 10 15 to 3 Â 10 18 cm À2 using current densities of about 2 Â 10 12 cm À2 s À1 delivered by a linear electron accelerator. During the irradiation, the sample temperature was kept below 50
C by a water-cooled stage. Following irradiation, the samples were reanalysed using PL at temperatures from 4.2 to 100 K and excitation power densities from 2 to 43 W/cm 2 .
III. RESULTS AND DISCUSSION
A. PL emission in virgin CuInSe 2 A typical 4.2 K PL spectrum from the non-irradiated material is shown in Fig. 1(a) . The spectrum is dominated by the near-band-edge sharp lines which have previously been assigned to free excitons and excitons bound to shallow defects. [17] [18] [19] The lower energy region reveals broader bands N( $1.002 eV), P ($0.972 eV), and K ($0.972 eV) along with some phonon replicas with E LO % 29 meV. 22 The shape of the K band is modified by water absorption in the region of 0.9 eV. The possible origin of these emission bands has been proposed in Ref. 19 analysing theoretical estimates of the defect formation energies, energy levels in the band gap, and comparing them with the experimental data. 23, 24 We have followed these assignments in our analysis of the PL spectra measured before and after irradiation.
The spectral positions of the N, K, and P bands do not shift with changing excitation power. As the temperature is increased from 4.2 K to 70 K, they shift towards higher energies by about 2-3 meV, which is close to kT/2 and suggest that the recombination mechanism is a free-to-bound transition.
The P band has been assigned to recombination of conduction band electrons with holes bound at the copper on indium site (Cu In ) anti-site acceptor defect. This generates a level at about 77 meV above the valence band. 19 The K band was also attributed to free-to-bound recombination of conduction band electrons and an acceptor level at 147 meV above the valence band, which has been assigned to interstitial selenium (Se i ). 19 The N band was assigned to copper vacancies (V Cu ) with a level at 49 meV above the valence band. 19 The near-band-edge region of the spectrum from the nonirradiated CuInSe 2 is shown in more detail in Fig. 2 and compared with the 10 18 cm À2 dose spectrum. The non-irradiated spectrum reveals peaks assigned to A ($1.0417 eV) and B ($1.0448 eV) free excitons. [17] [18] [19] [20] The chalcopyrite crystal structure of CuInSe 2 can be derived from the sphalerite one of ZnSe by the ordered substitution of zinc with alternating indium and copper. Such a substitution results in a chalcopyrite structure with different lengths of the chemical bonds for the Cu-Se and In-Se pairs. This generates a tetragonal distortion which splits the triply degenerated valence band of ZnSe into A, B, and C subbands. 25 Such a splitting can be described as the simultaneous influence of the non-cubic crystal-field and the spin-orbit interaction. The low temperature PL spectra of high quality CuInSe 2 reveal A and B free excitons comprising an electron from the conduction band and a hole from either the A or B sub-valence band, respectively. 17, 18 Fig. 2 also reveals other sharp lines: M1 at $1.0394, M2 at $1.0365, M5 at $1.0280, M6 at $1.0175, and M7 at $1.0045 eV.
The M1 line, reported earlier as a multiplet with three 18 or four 20 components and assigned in Ref. 19 to interstitial copper atom (Cu i ) donors, appears in the PL spectrum in Fig. 2 as a non-resolved shoulder of the A exciton. The M2 exciton, assigned in Ref. 19 to the indium on copper (In Cu ) antisite donor appears as a single line not resolved into additional peaks as observed in Refs. 18 and 20, suggesting an inferior structural quality of the present CuInSe 2 crystals with respect to those analysed in those papers. The M5 line is assigned to the copper on selenium (Cu Se ) acceptor antisites or to indium vacancies (V In ). 19 The M6 and M7 lines have not yet been assigned to any specific defects.
B. PL emission from irradiated material
6 MeV electron irradiation induces considerable changes to the PL spectrum as shown in Fig. 1 for increasing doses of electrons with the same laser excitation power for each measurement. The PL spectral intensity is seen to increase in the lower energy region and decrease in the near-band-edge region.
Considering the lower energy region of the spectra, irradiation with doses of 10 16 and 4 Â 10 16 cm À2 clearly increases the intensity of the P and K bands, whereas the N band intensity does not grow. The background emission for energies up to 1 eV is seen to gradually increase with irradiation dose. Following doses exceeding 10 18 cm
À2
, the intensities of the K, P, and N bands and their phonon replicas are reduced.
In the near-band-edge region of the PL spectra, shown in Fig. 3 , the irradiation reduces the intensity of the A and B free excitons, as well as that of the M2, M5, M6, and M7 bound-excitons. Their peaks also become broader, with the full width at half maximum (FWHM) of the M5 line increasing from about 1 meV to 1.5 meV after a dose of 10 18 cm
. Small red shifts of up to 2 meV are observed after irradiation with doses exceeding 10 18 cm À2 for the free and bound excitons, as well as for the free-to-bound P and K peaks.
A reduction of the absolute intensity of the A and B free-excitons as well as of the M2, M5, M6, and M7 boundexcitons has been observed after the lowest dose of 10 16 cm
. This suggests that high structural quality material with low concentrations of intrinsic defects and an elemental composition close to ideal stoichiometry is not radiation hard. As seen in Figs. 1 and 3, the irradiation results in a considerable redistribution of the PL intensity from the higher energy near-band-edge region towards the lower energy one.
Alongside this redistribution, five distinct new lines appear in the spectra after irradiation with a dose of 10 16 cm À2 (w0 at 1.0325 eV, w1 at $1.0215 eV, w2 at $1.0102 eV, w3 at $0.9909 eV, and w2 LO at $0.98 eV). These lines become even more prominent once the dose increases further as shown in Fig. 3 . Fig. 2 shows how they dominate the PL spectrum after a dose of 10 18 cm
. Following this dose, the FWHMs of w0, w1, w2 lines have become 1.1, 1.5, and 2.2 meV, respectively, which is close to the FWHM of the M5 excitonic line in the same spectrum (1.5 meV). This suggests that the w-lines can also be associated with excitons bound to defects.
The spectral position of the w0-line is close to that of the M4-line observed at 1.032 eV in earlier PL spectra from CuInSe 2 single crystals 19, 26 and thin films. 27 The increasing intensity of this line with irradiation suggests that defects associated with the M4 exciton are being generated by the incident electrons. The w1-line has not been observed in the PL spectra of non-irradiated CuInSe 2 , suggesting that defects associated with this line are not present in the virgin material but induced by the irradiation. As seen in Fig. 2 , the w2-line is present in the spectrum of the virgin CuInSe 2 , albeit at quite low intensity. This suggests a low concentration of the related defect in virgin material, whereas Figs. 1 and 2 show that it can be resolved after doses as low as 10 16 cm À2 and becomes dominant after a dose of 10 18 cm
. Another component, w2 LO follows w2 at a spectral distance of E LO ¼ 29 meV and is assigned to an LO phonon replica. The deepest sharp line appearing after electron irradiation (w3) has not been observed in the PL spectra of virgin CuInSe 2 and is therefore related to radiation induced defects. After irradiation with doses in excess of 10 18 cm
, the w-lines become broader and gradually shift towards lower energies. This shift and broadening can be explained by an increase in the internal stress induced by high concentrations of radiation generated defects. Similar effects of broadening of the A and B free-excitonic lines as well as their shifts to lower energy have been observed in high-quality CuInSe 2 single crystals with small deviations from the ideal stoichiometry. 26 Deviations of the In/Cu ratio from unity induce red shifts of their spectral position and an increase in their widths in PL and reflectivity spectra. These effects are also attributed to internal stress due to high populations of intrinsic defects. Structural defects cause spectral shifts of the excitonic lines. The values of the shifts vary from point to point in the crystal so that the observed excitonic peaks, being a superposition of a number of Lorentzian like lines, become inhomogeneously broadened and their shape becomes Gaussian like. 8 Dependencies of the PL spectra on the excitation power density and temperature have been measured to identify recombination mechanisms of the w-lines.
C. Excitation power dependence of the w-lines
An excitation power dependence of the PL spectrum measured at 4.2 K in the sample irradiated with a dose of 10 18 cm À2 is shown in Fig. 4(a) . It can be seen that excitation power does not change the spectral position of the w-lines which is consistent with attributing these lines to excitons bound to defects.
The nature of radiative transitions can be assessed by analysing the dependence of the PL intensity I on the laser excitation power P. The experimental data are fitted to the function I $ P k on a log-log scale. 28 For the w-lines, the background has been approximated by straight lines, as shown in Figs. 4(b) and 4(c), and subtracted from the spectrum. Integral intensities of the peaks have been used to determine the k power coefficients. Their values were found to be smaller than unity: k w0 ¼ 0.21 6 0.05, k w1 ¼ 0.44 6 0.03, k w2 ¼ 0.55 6 0.02, k w3 ¼ 0.57 6 0.04.
Values of k between 1 and 2 are expected for free excitons and for excitons bound to shallow hydrogenic defects. 28 The free exciton emission intensity is proportional to the product of the concentrations of holes and electrons, each of which is proportional to the excitation power P. Excitons bound to shallow hydrogenic defects also increase their intensity with 1 < k < 2 because they are in thermal equilibrium with free excitons. However, for excitons bound to non-hydrogenic defects, k can be smaller than unity. Foreign atoms, isoelectronically substituting host atoms in the silicon lattice, have been reported to capture separate charge carriers forming at first a charged state which then in turn attracts opposite charge carriers creating a bound exciton. 29 The concentration of excitons bound to such isoelectronic defects is proportional to the concentration of the charge carriers as well as to the defect concentration resulting in k 1. Krustok et al. 30 reported excitons bound to closely located neutral donor-acceptor pairs acting as isoelectronic traps in CuInS 2 , a chalcopyrite ternary compound with electronic properties similar to those in CuInSe 2 . 25 The k values, determined for the w-lines, suggest that defects, associated with these lines, are not simple shallow hydrogenic ones but have a more complex nature and can be neutral isoelectronic traps similar to those reported in Ref. 30 .
D. Temperature dependence of the w-lines
A temperature dependence of the PL spectrum from CuInSe 2 irradiated with a dose of 10 18 cm À2 is shown in Fig. 5 . After a dose of 10 18 cm À2 , the 4.2 K PL spectrum of CuInSe 2 reveals a relatively high intensity of non-resolved A and B free-excitons. The M1 bound-exciton line is present, whereas the M2 and M6 bound exciton lines have almost disappeared. It can be seen in Fig. 2 that the M5 and M7 excitons retain considerable intensity. After this dose, the w-lines have become the dominant emission in the 4.2 K spectrum. The w0 line can be seen, although not well resolved. Both the w1 and w3 lines have gained significant intensity and the w2 line dominates the spectrum.
The LO replica w2 LO can be seen at a spectral distance of E LO from w2. Increasing temperature reduces the intensity of all the observed lines. The w0 quenches first, at temperatures of about 15 K, although the small intensity of this unresolved line makes it difficult to analyse quantitatively. The w1 line quenches at temperatures of 30 K. The deeper w2 and w3 lines can be seen to quench at about 70 K. The w2 LO quenches simultaneously with w2, confirming its assignment as a LO phonon replica of w2. By 70 K, all the w-lines as well as the M-bound excitons quench leaving only a merged peak of the A and B free excitons in the PL spectrum. Such a quenching behaviour can be taken as another experimental evidence of the bound exciton nature of the w-lines. Arrhenius plots of the temperature quenching of the w1, w2, w3 integrated intensities I, calculated as areas under the peaks in PL spectra, are shown in Fig. 6 . To determine integral intensities of the w peaks and analyse their quenching parameters, the background has been approximated by straight lines, as shown in Figs. 4(b) and 4(c), and subtracted from the spectrum. The best fitting for the three data sets is achieved using a model with two competing recombination channels 31, 32 (1) where I 0 is the PL intensity at 4.2 K, E a1 and E a2 are activation energies of the levels corresponding to the first and second recombination channels, respectively, C1 and C2 are process rate parameters, inversely proportional to the concentration of non-radiative centres. 32 The best fits of the experimental data points for the w1-, w2-, and w3-lines are shown in Fig. 6 . The activation energies (thermal depths) and the spectral distances of these lines to the free A and B excitons (optical depths) of the w-lines are shown in Table I . For compound semiconductors where the crystal field and spin-orbital coupling have split the valence band into sub-bands, the bound excitons can involve holes belonging to deeper sub-bands as well as the topmost one as reported for GaN (Ref. 32) and CuInSe 2 . 20 Therefore, the determined activation energies should be compared with spectral distances to both the A and B free excitons.
The spectral distances of the w1 line from the A and B free excitons are 20.2 and 23.3 meV, respectively. These values are close to E a1 , the thermal depth of w1, suggesting than the hole in the w1 exciton can be associated with either A or B sub-band. Both E a1 and E a2 are significantly greater than the binding energies of the A and B free excitons of 8.5 and 8.4 meV, 33, 34 respectively, indicating that the w1 exciton is formed not by the capture of free excitons but by the capture of separate charge carriers. The two activation energies can be related to the localisation energies of the captured electron and hole.
The activation energies of both w2 and w3 differ significantly from their optical depths with respect to the A and B free excitons. The Arrhenius analysis of these lines also demonstrates clear two channel recombination. Therefore, they are both likely to be associated with non-hydrogenic defects. Thermal quenching first releases one of the charge carriers, dissociating it with activation energy E a1 at lower temperatures. Then, at higher temperatures, the other charge carrier dissociates with activation energy E a2 . The activation energies determined for the w2 LO line are very close to those of w2, as expected.
E. Possible defects associated with w-lines
MeV electrons generate primary displacement defects, vacancies and interstitials, excite phonons, and ionise the host atoms. The resulting primary structural defects are unstable at room temperature. Interactions with other defects and with the crystalline lattice lead to formation of more stable defect complexes, which minimise the total energy of the defect system in equilibrium with the lattice and free charge carrier gas. 35 The total energy required to form an intrinsic structural defect can be considered as the sum of the structural change and electronic energy which depends on the position of the defect level with respect to the Fermi level. The electronic energy influences whether the formed secondary defects are n or p-type, favouring the formation of deep and compensating states. 36 Irradiation of semiconductors results in a reduction of the charge carrier mobility due to scattering on radiation induced defects, removal of the charge carriers by the deep states working as traps and resulting in an increase of the resistivity. 36 Similar physical processes can be expected in irradiated CuInSe 2 . A strong dependence of the defect formation energies on the Fermi level position in CuInSe 2 has been demonstrated by ab initio calculations. 37 It was shown that deviations from the ideal stoichiometry increase the formation probability of compensating acceptor or donor states in n-and p-type materials, respectively. A decrease in the carrier mobility and their concentration has been observed in CuInSe 2 thin films following 3 MeV electron irradiation. 38 An increase in resistivity has also been reported after ion implantation of Xe into CuInSe 2 single crystals. The accumulation of deep compensating defects working as traps is consistent with the observed redistribution of the PL intensity from near band edge towards deeper bands. Radiative recombination through deeper bands and nonradiative recombination mechanisms becomes more probable and reduces the overall intensity of the PL emission. The observed increase in the intensity of the broad bands and sharp lines as well as the appearance of new lines suggests an increase in the population of defects associated with these features.
Following the assignment of the P and K bands to Cu In and Se i , respectively, 19 we can interpret the increased intensities of these bands after irradiation as a rise in the population of Cu In and Se i , whereas the concentration of V Cu , associated with the N band, does not grow.
The irradiation reduces the intensity of the A and B free excitons. Such a reduction can take place due to the following three processes: (1) reduction of the mobility of the nonequilibrium charge carriers reducing the lifetime of the free excitons due to scattering by defects generated by the irradiation; (2) localisation of the charge carriers by radiation induced defects; (3) increase in the probability of nonradiative recombination.
The irradiation also reduces the intensity of all the bound excitons observed in the PL spectrum of the virgin CuInSe 2 . Following a dose of 10 18 cm
À2
, some lines have disappeared (e.g., M2 and M6), although the intensity of others remains considerable (M1, M5, and M7) and that of the M4 (w0-line) exciton has increased. The M4-line was preliminary assigned to excitons bound to either Se i or Cu In . 19, 26 Therefore, the observed growth of the intensity of the K band and M4 exciton after the irradiation is consistent with an increase in the concentration of Se i or Cu In .
The relatively high intensity of the M1 line after a dose of 10 18 cm À2 can be explained by an increase in the concentration of Cu i , which was associated with the M1 exciton in Ref. 19 .C u i is also one of the primary defects generated by the irradiation. The high intensity of M1 suggests that a considerable fraction of such defects might be present after the irradiation.
The acceptor nature of the radiation induced defects Cu In and Se i is in good agreement with the n-top-conductivity type conversion of n-type conductive CuInSe 2 after ion-
, and a number of other ions. [40] [41] [42] Comparative analysis of the defect formation in different semiconductors suggests that the probability of annihilation of a primary defect pair (a vacancy and interstitial atom from the same lattice site) is rather low, whereas the probabilities of their migration and formation of defect complexes are much higher. 35, 36 Especially high is the probability of migration for interstitial atoms. According to experimental studies of diffusion coefficients, the mobility of Cu, In, and Se atoms in CuInSe 2 differs significantly. 43 The mobility of interstitial atoms of indium In i and especially copper Cu i is significantly higher than that of Se i . Fast migration of Cu i has been reported earlier. 44 Ionisation of the host lattice atoms caused by electron irradiation, should further increase the mobility of copper. Therefore, the probability of migration from the place of formation to a vacancy of indium V In should be rather high, whereas the formation energy of the Cu In defect is low and can be negative. 22 The chalcopyrite structure assumes an ordering of copper and indium on the cation sublattice, whereas violation of such an order can be considered as an element of sphalerite structure. Transformation of chalcopyrite to sphalerite structure has been observed after bombardment of CuInSe 2 single crystals with 1.5 keV Ar ions. 45 47 Analysis of the material before the irradiation suggested that the concentration of neutral and negatively charged vacancies was below 5 Â 10 15 cm
, the threshold of the sensitivity of this method. Analysis of the irradiated material carried out at 90 K revealed the presence of high concentrations of divacancies. An increase of the temperature up to 300 K led to the disappearance of vacancy type defects. It was concluded that annealing of the irradiated samples at room temperature results in the formation of defect complexes not containing negatively charged vacancies or containing only positively charged vacancies, undetectable by the positron lifetime spectroscopy. It was proposed that at room temperature, antisite defects should be present in the material. According to Ref. 48 , the selenium vacancy donor type defects (V Se ) can be charged positively, but the formation of donors contradicts the trend of the acceptor-type nature of radiation induced defects in CuInSe 2 . 40, 41 The positron annihilation analysis rules out the possibility of the presence of high concentrations of copper (V 49 According to ab initio calculations 22 at small excesses of copper, we can expect the following order of the formation energies for defects in CuInSe 2 (without defects related to selenium, which were not considered in this study): Cu In < V Cu < V In < Cu i < In Cu . Excluding the vacancies, whose formation has been ruled out in Refs. 47 and 49,w e can conclude that the most likely defects can be Cu In ,C u i , In Cu as well as their neutral complex Cu In þ 2Cu i .
It is difficult to unambiguously identify the defects associated with the w-lines. Their small FWHM and quenching at temperatures below 70 K suggest that they might be excitons bound to defects. That the spectral positions of the w-lines do not shift with excitation intensity change supports their excitonic nature. Their intensity dependence on the excitation power indicates that the defects are deep and nonhydrogenic. They could be neutral donor-acceptor pairs similar to those observed in CuInS 2 . 30 Antisite defects Cu In ,In Cu as well as interstitials Cu i and Se i are likely to be components of these defects.
Considering the list of the defects expected in this material, we should also take in account possible contaminants like hydrogen and carbon present at concentrations exceeding the concentrations of some of the intrinsic defects in the as grown material. These contaminants significantly complicate the analysis of the nature of the irradiation induced lines w 1 ,w 2 , and w 3 . Further investigation is required for unambiguous identification of their nature.
IV. CONCLUSION
The irradiation of CuInSe 2 single crystals by 6 MeV electrons with doses from 10 15 to 3 Â 10 18 cm À2 resulted in a reduction of the PL intensity of both free-and boundexcitonic lines observed in the virgin material. Such a reduction can be observed from quite a low dose of 10 16 cm À2 , suggesting that high-quality stoichiometric material with low concentrations of intrinsic defects is not quite radiation hard. The irradiation induces new PL lines w1 at 1.0215 eV and w3 at 0.9909 eV and enhances the intensity of the lines w0 and w3 at 1.0325 and 1.0102, respectively, which were present in the PL spectra before the irradiation. The intensity of two deeper broad bands, associated with free-to-bound recombination at the acceptor-type defects, interstitial selenium (Se i ), and copper on indium site (Cu In ), have also increased, suggesting a rise in the concentration of these defects due to irradiation.
